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Introcucticn

There has been in recent years a dramatic growth of investigaticns of
student world views of force ang motion. These investigations, often
motivated by a concern with stugent understanding of mechandcs, have
reflected a worlc-wige interest in these issues (e.g., Champagns et al.,
1980; Oriver, 1980; Gunstone & anite, 1980; kewSon, 158l; COshorne &
Gilbert, 1979). The existence of world yiews logically antagonistic to
the tenets of mechanics is now beyond dispute, as is the resiliance of
these views in the face of stangdard forms of physics instruction. It
seems clear that the significant issues in this area are now the specific
instructional implications of these findings.

The instructional problem:

Classical mechanics is widely perceived to be difficult to learn.
Researchers consiaering this phenomenon have often investigated
particular variables argued to pe prereGuisite to successful physics
learning, such as mathematical skills, gemeral level of cognitive
development, and specific cagnitive processes (e.g., Arens, 19726} Huason
& Mclntire, 19777 Renner st al., 1978), The usual basic strategy
adopted in such investigations is to show a correlation between a student
characteristi. (such as Plagetian level of cogritive gevelopment) ano
success in physics. Often instruction is then mogified to take accourt
of student inagcequacies with resbect to this concept, and the effect of

this modification on learning is probed. However this strategy has

produced only limited results (e.g., Mallinson, 1977; Peterson, 1979),




The studies of student world views of force and motion mentioneo above
provide another perspective on the gifficulties involved in learning
physics. These stucies glive empirical support to arguments that stucents
come to introcuciory physics courses with firmly embecced concestualizations
of how and why objects move. The conceptualizations have features which
are vroadly Aristotelian., Many writers have commented on the Fistorically
great effort involves In replacing the Aristotelian view of motion in
physics. Dijksternuis (1961) goes further:

To this day every stucent of elementary physics has to struggle
with the same errors and miscenceptions which then hag to be
overcom2, and on a recuced sCale, in the teaching of this branch
of knowledge in schools, history repeats itself every year., The
reason is obvious: Aristotle merely formulateo the most
commonplace experiences in the matter of moticn as universal
scientific propositicns, whereas classical mechanics, with its
principle of inertla ana its proportionality of force and
acceleration, makes assertions wnich not only are nover
confirmed by everyday exferience, but whose girect experimental
verification is funoamentally Empossible ... {p.30).

The Tesearch described in this paper leads to an Instructional oesign
approach which is an alternative tc consideration of issues such as
mathematical swkills or level of cognitive cevelopment. This approach uses
an analysis of trapitional Instructional tasks for the purpose of
specifying the underlying cognitive processes and structures -ecessary for
the successful completion of the tasks. That is, a cognitive analysis of
instructional tasks, rather than a logical analysis, is used to arrive at
appropriate instructional Goals. In particular, we consiger two broad
aspects of differences between physics experts ang novice physics students
which are relevant to physics problem solving. These aspects come from

recent cognitive psychology research into processes and structures used Dy

experts ano novices in physics problem solving, and from science ecucation

research intp student world views. From these we advance simple models of
expert and novice phiysics problem solving and then use these models to

consider appropriate goals for physics instruction.
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Expert ang novice crehism soiving

The focus here is on problem solving stucizs undertak.n in the grea of
Physics. We have giscussed elsewhere both Stucies in other subject areas
and the impliceticns of the breacer context of current views that learning
is an active ana consiructive process. that exist.ng knowledge/schema are
of consicerable irportante to the Process of coming te understancing
threugh inrcivicual interpratatior of material to pe lesrpes (Champagne et
al., in Press).

Lark-n (1979) analyzed thirking-aloud protocols obtained from experts
and novices while they solved physics pr.blems. She found that experts
perform 2n initfa) qualitative analysis of a problem before using
apPropriate equation{s) for tne quantitive solution of the problem.
Movices, by contrast, immeciately search for an equation and do this by
matehing the information given ir the problem with terms in the equation.
Tnis differance {n problem solving process is shown in simple form in

Figure ).

Place Figure 1 about here

It is not cnly for problem solving processes that expert/novice
oifferences are fOund. A series of expariments by Chi et al. (in press)
has resulteg in oescripticns of explicit differences in the physics problem
solving schemata of experts and novices. In the “irst of these experiments,
subletts were asweno to sort physics problems from a commonly used text by
whatever criteria seemed appropriale. Hovices were found to sort on the

pasis of the problems’ surface structure (cbjects such as springs ano

inclinag planes; temms such as friction; similarities hetween olagrams),
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while experts sorted on the pasis of the problems’ deep structure {laws of
physics such as Newton's Laws) that are not mentioned sPecifically in the
prebiem. A replication and extension of this experiment, which verifieg
that the problem scherata of novices are object-oriented while the
schemata of experts are principle-oriented, included agvanceo novices,
These agvanceg novices sorted problems on the basis of Principles, but
used surface features Yo rationalize their sorts. This suggests 2
continuum from object-oriented to principle-orientec schemata. The
findings zre also censistent with the view that novices have a number of
differeit schemata which might be applied to situativns involving motion,
while experts have a single schema for such situstions Such a view woulo
then have that the Process of moving from novice to expert involves, in
part, the collapse of ang integration of multiple schemata into a single
sthema. This interpretaticn is also consistent with the phencmenon
observed in studies of stucent world views of novices switching between an
Aristotelian schema and a hewtonian schema as they move from one situation
involving force and motion to another.

Chi et al. also asked subjects to elaborate on the concepts and
problem features that had been used as a basis for categorization of the
problems. These data ingicate that the novices have the same information
gbout the physical PrinciPles as the experts, but novices fail to link
objects and concePts with physical principles because the necessary
relations between these elements are lacking. 1In contrast, for the zxpert
the description of a physical situation immediately evokes an applicable
physical principle, This suggests that the expert has information
relating to conditions under which the principle is applicable and this
information is associated with the principle, Further, there is evidence
that the expert's knowledge is organized hierarchically along the
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dirension of abstract-ess, a cnaracteristic which alloss for either
bottom-uP pr top-down Processing. The novice's less-lntegrates structuse
does not allow for such flexible accessinility.

The gurpose of the fourth experiment in the Chl et al. stuc, «as tc
deternine tre featuses of the pronlems on wnich the experts based thear
selection of the aprropriate pnysical principle fer soluticn of the
proeblem. The results of the experiment reveal a significanmt difference in
the cegree of abstractness of expert and movice representations of problem
types ano features. Experts immeciately abstract a basic solution stratecy
from the surface features of the Problem. In contrast, novices do pot
distinguish between the plan for the solution of the specific problem and
the existence of & general sclution plan for the problem type. Ffurther,
experts mention transformed or abstracted features while the novices
describe the specific objects and physical constructs. This suggests that
the expert translates the literal cbjects and conditions of the preblem
into cancnical cbjects and, on the basis of this representation, selects
the prototypical problem tyPe of which the particular preblem is 2
specific example.

In summary, the Chi et al. stucdy concluges that the feollewing
differences characterize schemata that expert anc novice physicists apply
in the solution of physics problems: (1) The Problem-type schemata of
experts are based cn physical principles (e.§., energy conservation), anG
those of novices are based on physical objects (e.g., springs and inclined
planes) and constructs {e.g., friction and gravity). (2) The contents of
the schemata of experts and novices do not differ significantly in
information conienc; however, the novices' structures lack important
relatiens, specifically relations between the gurface features of the

problem and the gcientific principles which are the basis for solutions.
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(3} Experts translate surface features of the problems into cancnical
objects, states, and constructs while ..o novices represent the problem in
terms of the literal oojects and constructs cescribed in the text of the
problem. (4) iinks exist in the experts' representations of knowledge
structures Detween the apstract representation of features of the preolems
and the physical prinCiples which are the basis for the solution of the
problem.  (5) Experts' schemata are arranged nierarchically along tne
dimension OF abstractness; in contrast, the different levels of the
ncvices' knowledge are not well integrated, thus preventing easy acCess
from one level of apstraction to another.

views of force and motion held by poysics novices

The results of studies such as those cited in the intioduction are
briefly summarized here.

Students of physics have descriptive and explanatory systems/schemata
for how ang why cbjects move which develop before formal instruction. We
shall call these novice schemata "intuitive" systems. Althouch the
intuitive systems giffer in.significant ways from the systems to be
learned in physics (experts' schemata}, the two systems use similar
vocabulary. However the meanings attached to terms by novices are not in
one-to-one Correspondence with the physics meanings (e.g., acceleration,
force). Intuitive systems frequently co-exist with igeas derived from
instruction, even ameng successful physics novices, This co-existence is
often possible because novices learn the physics systems at the verbal
level only. It is also clear that intuitive systems can influence
chservations by novices of physical situations.

Models of expert and novice Problem sglvers

By combinin® these details of dlfferences between physics experts and

novices with the conclusions of the Chi et al, study it is possible to

3
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elaborate the initial model of exPert/novice problem solving shown in
Figure 1. The resulting mocels, shown in Figure 2, are still simple
representations. It shculo be noteg that the two scherata dePicted in the
novice model are most likely to be several schemata. The eyvidence is
strong that a novice «ill have both a nunber of s hemata gerived from the

real world and a mnuaber of schemata geriveg from physics instructicn.

Piace Figure 2 about pere

By comparing these representations of experts and novices, we can
dedyce some appropriate goals for the teaching of physics probiem sclving
skills to novices. In broao terms, these are the development of
agsropriate schema change and integration, and the acquisition of
strategies of qualitative analysis. It §g clear that the fi st of thase
(schema change) is not an easy goal to achieve. Our own early attempts,
based on a more general consiceraticn of the problem, have met with cnly
limtted success (Gunstone er al., 1981}, It is also clear from inspection
of introductary physics courses and texts that the second goal ’
(qualitative analysis) has previously received little, if any, attention.

In the concluding section of the paper we briefly consiger some
instructional implications of these goals.

Instructfonal implications

Ao obvious question resulting from the above is "what experiences do
experts have which might result in the described differences?” There
appear to be three forms of such experience:

(1) . additional formal instruction; (2} more practice in solving preblems;

-
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{3) more extensive verbal‘interactiCns about Physics o more experience i
organizing physics informaticn for the purpose of communicating it to
others. For w0 reasonms the third of these {s the most interesting frim
the persPective of instructing movices. Firstly, it is the only one which
is readily translatea into an instructional comtext for an introcuctcr,
Physics course. Seconely, as aiscussed above, it is the links in experts’
kncwlecge stouctures rather tham tne knowlesge ltself which appesrs o
distinguish experts amc novices - ano the ProsPect of ennancing the
cevelopment of such links in novices through vercal interactior and
comnunicating to pimers abeout physics is, at the very least, logically
reasonsble, Further, current views of the process of schema change
suppott the proposition that a dialectical process appears Lo be necesszry
(e.g., Anoerson, 1577; Collins & Stevens, in press),

As 2 consequence of these argurents, we hypothesize that an
instructional dialogue pased on the gualitative analysis of problems helcs
promise for the attainment of the two broad goals listed above. Scme
specific examples of such an instructicnal form have been given elsewhers
(Champagne et al., in press). In summary, the approach irwolves taking a
standard form of question, such as a rifle and bullet question where a
numerical value for recoi) velocity of the rifle is asked for, and
converting it to a gqualitatire problem, such as asking how the sPeed with
which the bullet leaves the rifle compares with the speed of the rifle at
that time. {This al: o brings the gquestion somewhat closer to a general
problem form than .5 he more mormal numerical example., Aporopriate
levels of existing relevant knowledge and experience age then determined,
and @ series of guestions ang specific, single-observation laboratory
exercises are used to gradually develop a schema for the problem

solution. The intetaction fmplicit in the strategy allows for the




retention of appropriate asPects of existing schemata and the modification
of conflicting aspects. The next stage of our work will involve an
investigation of the extent to which cur instructional forms can achieve

these goals.
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Figure 1: Expert and novice problem solving strategles.
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